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It is shown that the hydrazine-induced transition of the water-oxidizing complex (WOC) to super-reduced S-states depends on the presence of
bicarbonate in the medium so that after a 20 min treatment of isolated spinach thylakoids with 3 mM NH2NH2 at 20 °C in the CO2/HCO3
−-depleted
buffer the S-state populations are: 42% of S−3, 42% of S−2, 16% of S−1 and even formal S−4 state is reached, while in the presence of 2 mMNaHCO3,
the same treatment produces 30% of S−3, 38% of S−2, and 32% of S−1 and there is no indication of the S−4 state. Bicarbonate requirement for the
oxygen-evolving activity, very low in untreated thylakoids, considerably increases upon the transition of theWOC to the super-reduced S-states, and
the requirement becomes low again when theWOC returns back to the normal S-states using pre-illumination. The results are discussed as a possible
indication of ligation of bicarbonate to manganese ions within the WOC.
© 2006 Elsevier B.V. All rights reserved.Keywords: S-state; Bicarbonate; Water-oxidizing complex; Photosystem II1. Introduction
Photosynthetic oxygen evolution is an unique fundamental
biological process which occurs in the water-oxidizing complex
(WOC) of the multi-component pigment–protein complex called
photosystem II (PSII) (for recent reviews, see Ref. [1]). The active
site of the WOC of PSII is thought to be a cluster of four Mn and
one Ca ions (for reviews see Refs. [2–4]). Frommeasurements of
the flash-induced oxygen evolution patterns (FIOPs) [5], it was
concluded [6] that theWOC can exist in five redox levels, termed
Sn-states, where S0 is the most reduced and S4 the most oxidized
states of the Mn-containing cluster. During sequential absorption
of photons and charge separation in PSII theWOCundergoes four
one-electron oxidation steps, S0→S1→S2→S3→S4, coupled to
oxidation of two H2O molecules and release of O2 on each fourth
flash. After thorough dark-adaptation, almost all centers are in the
initial ‘dark-stable’ S1 state due to deactivation of all other states
[7,8]. However, until recently, there is no clear agreement whether
four MnIII [9] or two MnIII and two MnIV [10] are redox states of⁎ Corresponding author.
E-mail address: klimov@issp.serpukhov.su (V.V. Klimov).
0005-2728/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbabio.2006.04.004four manganese ions in the S1 state. Limburg and co-workers [11]
suggested that MnV can be involved in oxidation of water in PSII.
Besides the normal S-states of Kok cycle, the WOC can be
reduced to redox states below S0 by sample treatment with weak
hydrophilic reductants such as NH2NH2, NH2OH, H2O2 [12–14]
orwith such gases asH2S [15] andNO
· [16,17]. The lowest super-
reduced S-state which can be achieved is S−3 state that was shown
using the treatment of membrane thylakoids with NH2NH2 [18].
However, there are first indications that S−4 and S−5 states also
may exist [19]. As the transition of Mn4Ca-cluster is approached
to the lowest S−n states, the fraction of Mn
II ions is increased [17]
without leaving their binding sites [18]. On the other hand, some
part of the Mn4Ca-clasters can be deconstructed by the presence
of NH2NH2 or NH2OH and it is coupled with the release of Mn
II,
and some inactivation of oxygen evolution is observed under this
process [20–22]. In addition, there is also evidence that S−1–S−2
states [23] and even S−3 state [24] can exist in vivo in the absence
of exogenous reductants. At present, it is well known that S−n
states play important role in photoactivation [25].
Bicarbonate is well established to be required for maximal
activity of PSII though the interpretation of the stimulating effect
of bicarbonate remains controversial (for recent reviews, see
Refs. [26–28] and references therein). In the early 1970s, the
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bicarbonate [29,30]. However, later strong evidence for location
of bicarbonate binding at the acceptor side of PSII, between QA
and QB, the primary and secondary plastoquinone electron ac-
ceptors, was first presented by Wydrzynski and Govindjee [31].
This idea was supported by numerous experimental data, and the
non-heme Fe acting between QA and QB has been shown to be
the binding site for bicarbonate (for reviews, see Refs. [26–28]
and references therein) that was clearly confirmed by recent X-
ray analysis of the WOC structure [32].
Possible role of bicarbonate within the donor side of PSII has
remained unclear for a long time (for reviews see Refs. [28,33]).
Recently, it has been shown that bicarbonate ions are required for
both maximal activity and stability of theWOC in PSII [34–37].
The stimulating effects of bicarbonate are especially pronounced
during reactivation of the donor side of PSII with MnII ions
added to Mn-depleted PSII preparations [38–39]. A range of
suggestions concerning the possible role of bicarbonate within
the WOC of PSII has been proposed (for review, see Refs.
[28,40]). In particular, it has been suggested that bicarbonate can
be considered as a direct ligand to the Mn4Ca-cluster and its
removal from the WOC makes Mn4Ca-cluster unstable. In a
recent publication on the X-ray structure of PSII core complex
from Synechococcus elongatus, a bicarbonate molecule has been
tentatively included as a non-protein ligand of the WOC [32].
Interesting results were obtained by studies of electrochemical
and EPR characteristics of bicarbonate complexes withMnII and
MnIII [41–43] showing that the unique property of bicarbonate
to initiate assembly of inorganic core of the WOC from apo-
WOC and MnII can be explained by capability of bicarbonate
(contrary to carboxylate anions, such as acetate and formate) to
form electroneutral complexes with MnII and MnIII. As follows
from the electrochemical determination of redox potentials of
Mn-bicarbonate complexes [41,42], the dissociation constant
(Kd) for Mn
III–bicarbonate is nearly 10 orders lower than Kd for
MnII–bicarbonate complexes.
However, in functionally active S1–thylakoids or PSII mem-
brane fragments (BBY-particles), the effect of bicarbonate on
the WOC is relatively low [35,40], and evidently bicarbonate
has no effect on the formate-induced shift of the WOC from S1
to S0 state [44] (though in an earlier publication [45] an increase
in the S0/S1 state ratio was observed in HCO3
−-depleted chlo-
roplasts). If the bicarbonate effects are related to direct ligation
of bicarbonate to Mn within the WOC, then the low effect of
bicarbonate in functionally ‘healthy’ PSII can be explained by
difficulties in removal of bicarbonate ions from the WOC since
Mn of the WOC in S1 state is in the valency Mn
III and/or MnIV.
Consequently, upon the transition of the WOC to the super-
reduced (S−n) states coupled with the reduction of Mn by
NH2NH2 or other reductants, one may expect that the
dependence of functional characteristics of the WOC on the
presence of bicarbonate will be much higher, since MnIII and/or
MnIV are mainly converted to MnII.
In this connection, the aim of present work is to investigate
the effect of bicarbonate on both flash-induced oxygen evolution
patterns and O2-evolving activity under continuous illumination
of thylakoids with the WOC transferred to S−n states.2. Materials and methods
Thylakoid membranes from spinach leaves were isolated as described
previously [46] with some modifications (20 mM HEPES–NaOH, pH 7.8, and
35 mM NaCl were used instead of 20 mM Tricine, pH 8.0, and 2 mMMgCl2) in a
medium containing 400 mM sucrose, 35 mM NaCl, 1 mM EDTA, and 20 mM
HEPES–NaOH (pH 7.8). After centrifugation at 5000×g for 20 min, the pellet was
twice washed in medium containing 35 mMNaCl, 5 mMMgCl2 and 20 mMTris–
HCl (pH 7.5) and diluted in to final suspension medium containing 330 mM
sucrose, 35 mM NaCl, 20 mM MES–NaOH (pH 6.5) and 10% glycerol. After
isolation steps the thylakoids [c(Chl)=2.5mg/mL]were frozen at−85 °C until used.
Bicarbonate removal from thylakoid membranes was achieved as described
earlier [34–36], by a 200-fold diluting of concentrated preparations into medium
A (150 mM MES–NaOH buffer, pH 6.3, 400 mM D-Mannit, 20 mM CaCl2,
10 mM MgCl2) depleted of endogenous CO2/HCO3
− by means of 60 min flush-
ing with air depleted of CO2 by passage through a solution of 50% NaOH and a
20-cm layer of ascarite. The sample was subsequently incubated in this medium
for 10 min at 4 °C in the dark.
The treatment of thylakoidmembranes with hydrazine was done according to
the method described earlier [18] with some modifications. The thylakoids were
washed in medium A and then diluted to a c(Chl) of 900 μg Chl/mL either with
medium A or with 3 mM (or 10 mM) NH2NH2 dissolved in medium A. The
NH2NH2 incubation was carried out in the dark at 20 °C. Before the incubation,
all samples were enriched in S1 by one saturating flash and subsequent 20-min
dark incubation. In the case of hydrazine removal from the samples, the thyla-
koids diluted 10-fold in medium Awere washed by centrifugation.
Polarographic detection of FIOPs was made using a laboratory-built, Clark-
type Pt/Ir electrode (diameter 5.5 mm) that was equipped with a special polymer
membrane which was stretched to a thickness of about 1 μm [47,48]. It prevented
the interaction of added electron acceptors with the polarized electrode. The
samples at Chl concentration of 900 μg/mL were layered into a home-built
chamber [49] with 20 μL volume and 0.3 mm thick over the membrane. The
electrode was operated at a polarization voltage of 700 mV. The measurements
were performed in the presence of 0.5 mM ferricyanide as electron acceptor.
Before measurements were started, the samples were dark-polarized for 6 min on
covered electrode at 20 °C. For saturating light flashes (duration of 10 μs), a
xenon flash lamp at a repetition rate of 0.5 Hz was used [47]. The O2 signals were
amplified by a laboratory-built-low-impedance circuit and integrated over a time
of 0.1–0.5 s. All measurements were repeated at least three times.
The O2-yields of the first 13 flashes were analyzed using Excel spreadsheet
program based on extended Kok model for the super-reduced S−1…S−5 states
developed by J. Messinger and essentially described earlier [17,18,50]. Obtained
data were calculated by two strategies: both excluding and including the lowest
formal S−4 and S−5 states of theWOC (see Results). The option for a higher double
hit parameter in the first flash (β1) was included since ferricyanide was used as
electron acceptor during our measurements. The fit quality (fq) of experimental
data to theoretical was calculated in accordance with previous publications [17,18].
The rate of the photosynthetic oxygen evolutionwasmeasured bymonitoring
the concentration of oxygen with a Clark-type oxygen electrode for 60 s after the
start of continuous actinic illumination. The measurements were carried out at
20 °C in the presence of 0.1 mM 2,6-dichloro-p-benzoquinone (DCBQ) plus
1 mM K3[Fe(CN)6] as electron acceptors and 10 μM gramicidin added as
uncoupler. The concentration of chlorophyll was assayed in 80% acetone [51].3. Results
3.1. Flash-induced oxygen evolution patterns
Fig. 1A (curves 1 and 2) shows the flash-induced oxygen
evolution patterns (FIOPs) with typical period of four oscilla-
tions with maxima on the third and seventh flashes obtained in
control dark-adapted S1-thylakoid membranes in the medium
depleted of CO2/HCO3
− (see Materials and methods) in the
absence (curve 1) and presence (curve 2) of 2 mM NaHCO3.
There is no significant differences between these two FIOPs
Fig. 1. Original traces of flash-induced oxygen evolution patterns (FIOPs) (A) and their calculated oxygen yields per flash (B) of dark-adapted spinach thylakoids inmedium
A depleted CO2/HCO3
−. Traces 1 and 2 were obtained in untreated (control) samples in the absence and presence of 2 mMNaHCO3, respectively.While traces 3 and 4 were
obtained after a 20-min treatment of the samples with 3 mMNH2NH2 at 20 °C in the absence and presence of 2 mMNaHCO3, respectively. The measurements were done
without removal of NH2NH2 from the treated samples. ‘Calculated’ curves (1–4) on B show the best fit lines in accordance with the extendedKokmodel (see fits A, B1 and
C1 inTable 1) withmisses, α=0.07, double hits, β=0.016 and high double hit per first flash, β1=0.22. Experimental data onB are represented by circles. Bar showsmaximal
possible experimental error which could be caused by noise level and it spreads on all flashes. The flash frequency was 0.5 Hz. All measurements were carried out in the
presence of 0.5 mM K3[Fe(CN)6] as electron acceptor. Chlorophyll concentration during treatment and measurements was 0.9 mg/mL.
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presence of bicarbonate. Rather high oxygen yield per 2nd flash
is explained by the presence of ferricyanide (0.5 mM) as electron
acceptor, which is known to lead to a high double hit probability
(β1) per first flash [52,53]. Visible shift of the first maximum of
O2 evolution from flash 3 to flash 6/7 that appears after a 20-min
dark incubation at 20 °C of S1–thylakoids in the presence of
3 mM NH2NH2 in the medium preliminary depleted of CO2/
HCO3
− (pH 6.3) is shown in Fig. 1 (curve 3). The same NH2NH2-
treatment in the presence of 2 mM NaHCO3 leads to the shift of
the first O2 evolution maximum to flash 5/6 (curve 4).
Detailed analysis of these oscillation patterns was done by
using an extendedKokmodel (seeMaterials andmethods). A fewapproaches (data not shown)were used for computation of control
oxygen oscillation patterns of dark-adapted thylakoids in order to
obtain the best fit quality [17,18]. Perfect fit for obtained FIOPs in
CO2/HCO3
−-depleted thylakoids shown as fit A in Table 1 and
curve 1 in Fig. 1B was achieved with the miss (α) of about 7%,
double hit (β) of 1.6% and high double hit per first flash (β1) of
22% when S1 and S0 state populations were allowed as free pa-
rameters. These parameters were practically unaffected by the
presence of 2 mMNaHCO3 during incubation (see fit a in Table 1
and curve 2 in Fig. 1B). However, some differences were ob-
served in distribution of the initial S1–S0 states so that in the
absence of bicarbonate the PSII centers were found in S1 (92%)
and S0 (8%) while in the presence of 2 mM NaHCO3 almost all
Table 1
Fits of oxygen oscillation patterns shown in Fig. 1
Fit S1
(%)
S0
(%)
S−1
(%)
S−2
(%)
S−3
(%)
S−4
(%)
S−5
(%)
α
(%)
β
(%)
β1
(%)
fq
a 98.0 2.0 – – – – – 6.8 1.7 21.9 0.00004
A 92.0 8.0 – – – – – 6.9 1.6 22.2 0.00003
B1 0.0 0.0 16.0 42.0 42.0 – – (6.9) (1.6) (22.2) 0.00023
B2 0.0 0.0 12.0 46.0 35.0 7.0 0.0 (6.9) (1.6) (22.2) 0.00027
C1 0.0 0.0 32.0 38.0 30.0 – – (6.9) (1.6) (22.2) 0.00024
C2 0.0 0.0 32.0 38.0 30.0 0.0 0.0 (6.9) (1.6) (22.2) 0.00032
Parameters of the extended Kok model and extensions outlined in the text were
used to fit the oxygen oscillation patterns of dark-adapted spinach control
thylakoids (fit A and Fig. 1B, curve 1) in medium A depleted of CO2/HCO3
− and
hydrazine-reduced thylakoids incubated during 20 min both in the absence (fits
B1–B2 and Fig. 1B, trace 3) and in the presence of 2 mM NaHCO3 (fits C1–C2
and Fig. 1B, trace 4). Fit a - parameters obtained from oxygen oscillation pattern
of dark-adapted spinach control thylakoids (Fig. 1B, curve 2) in mediumA in the
presence of 2 mM NaHCO3. The parameters: S1–S−5, normalized S-states
populations of the WOC; α, miss probability; β, double hit probability; β1, high
double hit probability per first flash; fq, fit quality. The first 13 flash-induced
oxygen yields of each oscillation pattern have been analyzed. Numbers in
parenthesis are fixed parameters given from control.–, parameters excluded from
fit. The Sn-state transition probabilities α, β and β1 were determined by a least-
squares fit of the relative oxygen yields with theoretical sequence based on an
extended Kok model [18].
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(fits A and a in Table 1). Similar, but larger effect of bicarbonate
on S0/S1-states distribution in HCO3
−-depleted chloroplasts was
observed in an earlier work [45].
Two strategies were undertaken to analyze the FIOPs in
NH2NH2-treated samples shown in Fig. 1A (curves 3 and 4): (i)
assuming that S−3 state is the lowest possible oxidation state of the
WOC (fits B1 and C1 in Table 1) since recently clear evidence has
been provided (using NH2NH2 or NH2OH as the reductant) that
reduced PSII samples can attain a fairly stable S−3 state [18] and (ii)
assuming that S−5 is the lowest oxidation state of theWOC (fits B2
and C2 in Table 1) because preliminary evidence for the existence
of labile S−4 and S−5 states has been obtained from the analysis of
FIOPs on Synechococcus elongatus thylakoids [19]. Therefore,
S1–S−3 and S1–S−5 states populations were varied (Table 1, fits
B1, C1 and B2, C2) but α, β and β1-probabilities were fixed to the
control values obtained in CO2/HCO3
−-depleted samples (numbers
in parenthesis in Table 1) as described in [17–19].
The presence of 2 mM NaHCO3 during NH2NH2-treatment,
as seen in Fig. 1B (curves 3 and 4) and in Table 1 (compare fits
B1 and C1) obviously changes S−n-state distribution of reduced
WOC. Normalized S-state populations in the presence of 2 mM
NaHCO3 were the following: 32% of S−1, 38% of S−2 and 30%
of S−3. In the absence of bicarbonate, only 16% of S−1 state still
remains while S−2 and S−3 states dominated (42% and 42%,
respectively). Remarkably, if we evaluate the S-state popula-
tions assuming that S−5 is the lowest S state of the WOC (fits C1
and C2 in Table 1) then S-state distribution in the presence of
bicarbonate remains unchanged, while in the absence of bicar-
bonate, a quite different S-state distribution corresponding to
12% of S−1, 46% of S−2, 35% of S−3 and 7% of formal S−4 is
obtained (fits B1 and B2). True, this approach is coupled with
some impairment of fit qualities (Table 1). Nevertheless, these
two approaches make it clear that the shift to the lowest super-reduced S-states is higher in the samples treated with hydrazine
in the absence of bicarbonate.
Fig. 2 displays the calculated normalized S−n state populations
assuming that S−3 (A, B) or S−5 (C, D) states are the lowest
reduced states of the WOC as a function of treatment time of S1–
thylakoidswith 3mMNH2NH2 at 20 °C in the absence (A, C) and
in the presence (B,D) of 2mMbicarbonate. The S-states thatwere
found equal to zero (such as S0, S−5 and S1 in the case of absence
of bicarbonate) are not presented. As indicated in Fig. 2A and B,
the presence of 2 mM NaHCO3 lowers the shift to S−3 state (by
about 10%), that is coupled with conservation of a quite high S−1
state population (about 60% and 25% at 6 min and 25 min of
incubation, respectively). By contrast, in the absence of bi-
carbonate, the S−1 state population was lower (about 40% and
17% at 6 min and 25 min of dark treatment with NH2NH2,
respectively). The least differences between S-state populations in
the presence and in the absence of bicarbonate are observed for
S−2 state. Its formation is delayed in the presence of bicarbonate
(by 7–10%) only at the initial incubation times (until 10 min) but
becomes approximately equal to S−2 populations obtained in the
absence of bicarbonate after 15–25 min of incubation (Fig. 2).
Small amount of the initial S1 state population (about 2%) still
remains after a 6-min incubation of the samples with added
bicarbonate and NH2NH2. Computation under the speculation
that S−5 is the lowest oxidation state of theWOCdoes not result in
apparent changes in the S-state distributions obtained in the
presence of bicarbonate (Fig. 2, compare B and D) while fairly
wide distinctions take place under this assumption (compare A
and C) in the case of the absence of bicarbonate during NH2NH2
treatment. These differences are mainly characterized by the
appearance and slow increase of formal S−4 state population (up
to 15% at 25 min of incubation) along with the decrease of S−3
and, partially, S−1 state populations. Thus, the results obtained
by two ways of calculation do not contradict each other and
show that the shift of the WOC to the lowest reduced S-state (by
NH2NH2) is retarded by the presence of 2 mM NaHCO3 in the
medium. The possible explanations of such an effect of bicar-
bonate are discussed below.
Fig. 3 represents the evaluation of suppression (which is
known to be caused by NH2NH2 treatment [20,22]) of obtained
FIOPs (as in Fig. 1A) in thylakoid membranes in the absence
(curve 1) and in the presence (curve 2) of 2 mM NaHCO3,
where for criterion of relative O2-evolving activity the sum of
O2-yields resulting from flashes 4–7 was used. Relevant sums
of O2-yields (4–7 flashes) obtained in control (untreated) S1
thylakoids were taken as 100%. It is seen that the presence of
bicarbonate during the dark treatment with 3 mM NH2NH2
efficiently prevents the loss of relative oxygen-evolving activity
throughout the hydrazine treatment.
3.2. Oxygen evolution under continuous illumination
The measurements of the rate of oxygen evolution at con-
tinuous actinic illumination also showed that the presence of
bicarbonate during the treatment of thylakoids by hydrazine
slowed down the inactivation of the WOC (Fig. 4). If the
hydrazine treatment of preparations was done in the CO2/HCO3
−-
Fig. 2. Normalized Si-state population of spinach thylakoids as a function of dark incubation time in the presence of 3 mM NH2NH2 in medium A depleted of CO2/
HCO3
−. The incubation of the samples was carried out in the absence (A, C) and in the presence (B, D) of 2 mM NaHCO3. The obtained data were calculated assuming
that the lowest redox states of the WOC are S−3 (A, B) or S−5 (C, D) states. For the sake of clarity, S−5 state is not shown as no population of this state was obtained. In
the case of incubation in the presence of NaHCO3 (B, D) fast decay of S1 population is also shown since after a 6-min incubation some population of this state still
remains while in the absence of NaHCO3 no population of S1 state was obtained. The O2 yields of the first 13 flashes were included in the fit. Misses, double hits and
high double hits per first flash were kept at the values determined for the control thylakoids. The results are an average of 3 experiments. All measurements were done
in the presence of 0.5 mM K3[Fe(CN)6].
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vity was lost (curve 4), after 10 min and 20 min of dark in-
cubation, respectively. However, if 2 mMNaHCO3was added to
medium before the incubation with NH2NH2, the rate of inac-
tivation was considerably decreased so that just nearly 15% and
32% of the activity was eliminated (curve 3) after incubation for
10 min and 20 min. The protective effect of bicarbonate was
especially pronounced in the first minutes (1–3 min) of the
incubation of thylakoids in the medium with hydrazine so that
the loss of the O2-evolving activity of thylakoids was 25% and
2–3% in the absence and presence of 2 mM NaHCO3, res-
pectively. In untreated thylakoids (S1–thylakoids) the bicarbon-
ate effect on the oxygen evolving activity during the incubation
in CO2/HCO3
−-depleted medium was insignificant (compare
curves 1 and 2 in Fig. 4).
In order to investigate the effect of bicarbonate on the activity
of thylakoid membranes transferred in the super-reduced S-states,
the hydrazine-treated thylakoids were washed with hydrazine-
free medium (to remove hydrazine from the samples) and resus-
pended in CO2/HCO3
−-depleted medium both in the absence and
presence of 2 mM NaHCO3. Fig. 5 shows that the difference
between the activities in the absence and presence of 2 mM
NaHCO3 is equal to about 30% (column 2) for the NH2NH2-treated thylakoids while for untreated thylakoids it is less than
10% (column 1). Thus, the transition of the WOC to super-re-
duced S-states by hydrazine leads to a higher dependence of
oxygen evolution on the presence of bicarbonate in the medium.
To elucidate, whether there is a correlation between the
transition of the MnIII/MnIV to MnII within the WOC and the
enhancement of the bicarbonate effect, the NH2NH2-treated thy-
lakoid membranes were pre-illuminated by 20 saturating flashes
(it is well known (for example, see Ref. [54]) that the illumination
of the thylakoid membranes treated with hydrazine leads to re-
transition of the WOC to normal S-states (S0, S1) without signi-
ficant inhibition of the O2-evolving activity). Before illumination,
hydrazine-treated thylakoids were washed with hydrazine-free
medium to remove hydrazine from the samples. Fig. 5 (column 3)
shows that the pre-illumination with 20 saturating flashes results
in a decrease of the bicarbonate effect on oxygen evolution in
NH2NH2-treated thylakoids so that it becomes similar to that ob-
served in untreated thylakoids. The pre-illumination of treated
thylakoids also leads to some increase of the O2-evolving activity
(lost upon the NH2NH2 treatment).
So, the dependence of oxygen evolution on the presence of
bicarbonate in the medium becomes higher upon a shift of S-
states to super-reduced (S−2, S−3) states using hydrazine and the
Fig. 3. Summarized O2-yields for flashes 4–7 as a function of dark incubation
time of spinach thylakoids in the presence of 3 mMNH2NH2 (20 °C) in medium
A depleted of CO2/HCO3
−. Incubation of thylakoids was done in the absence (2)
and in the presence (1) of 2 mM NaHCO3. 100% is the O2-yields due to flashes
4–7 taken from dark-adapted untreated (control) thylakoids in S1 state.
Chlorophyll concentration of the samples during the NH2NH2 treatment and
measurements was 0.9 mg/mL. All measurements were carried out in the
presence of 0.5 mM K3[Fe(CN)6] as electron acceptor.
Fig. 4. Dependence of O2-evolving activity of thylakoid membranes on
incubation time at 20 °C in CO2/HCO3
−-depleted medium A containing 3 mM
NH2NH2 in the absence (4) and in the presence of 2 mM NaHCO3 (3). After
certain incubation time, NH2NH2 was not removed from the samples but it was
diluted 90-fold in medium A in 1 mL-oxygen chamber. Untreated thylakoid
membranes in medium A depleted of CO2/HCO3
− in the presence of 2 mM
NaHCO3 and in the absence of bicarbonate are presented by curves 1 and 2,
respectively. The measurements were carried out at [Chl]=10 μg/mL in the
presence of 0.1 mM DCBQ and 1 mM ferricyanide as exogenous electron
acceptors and 10 μM gramicidin as uncoupler. The activity of the control sample
was 125 μmol O2 (mg Chl)
−1 h−1 and this value was taken as 100%.
258 D.N. Shevela et al. / Biochimica et Biophysica Acta 1757 (2006) 253–261bicarbonate requirement is decreased when we return to the
initial states using pre-illumination.
4. Discussion
Our results clearly demonstrate that the hydrazine-induced
transition from the normal to super-reduced S-states depends on
the presence of bicarbonate in the medium: in the CO2/HCO3
−-
depleted buffer the S−3 state (and even formal S−4 state) are
easier reached as a result of treatment with 3 mMNH2NH2, than
in medium containing bicarbonate (Fig. 2).
One of the possible explanations of the bicarbonate-induced
retardation of the transition to S−n-states is that bicarbonate
binding to Mn ions changes the redox properties of the WOC. It
is known [41,42] that formation of Mn–bicarbonate complexes
in water solutions results in a considerable decrease of the
oxidation potential of Mn. If for aquo complexes of Mn, the
redox potential (E0) of the pair MnIII/MnII is equal to 1.18 V; for
Mn–bicarbonate complexes, it lies between 0.51 V and 0.67 V
[40]. So, it would be more difficult to reduce MnIII (with hy-
drazine or any other reductants) when MnIII (in a water solution
or within the WOC) forms a complex with bicarbonate. This
interpretation suggests that one of the roles of bicarbonate
bound to the WOC is to slow down the decay of the normal S-
states and to prevent the transition to super-reduced S-states.On the other hand, we cannot exclude that a general de-
stabilization of the WOC in the absence of bicarbonate, reported
earlier [55,56] and confirmed in our paper (Figs. 3, 4 and 5), can
lead to a better accessibility of reductants to theWOC resulting in
an easier reduction of MnIII and MnIV, and higher enrichment in
the lowest S−n-states in CO2/HCO3
−-depleted samples (Fig. 2).
The stabilizing effect of bicarbonate on theWOC can be related to
bicarbonate binding to eitherMn ions or other components of PSII
complex.
An important result reported in this paper is the change in the
effect of bicarbonate on the oxygen-evolving activity upon the
reversible shift of the WOC to super-reduced S-states: the bi-
carbonate requirement, very low for the normal (S0, S1) S-states,
considerably increases upon the hydrazine-induced transition to
the S−n-states and it becomes low again when the WOC returns
back to the normal S-states using pre-illumination with 20 flashes
(Fig. 5). These results are in agreement with the idea that bi-
carbonate can be a direct ligand to Mn within the WOC. Indeed,
Mn ions of the WOC in the normal S-states are mainly in the
redox states MnIII and MnIV [9,10,57], and in case of bicarbonate
binding to the inorganic core of the WOC, it would be very
difficult to remove bicarbonate from theWOC (and subsequently
to obtain a good response to bicarbonate re-addition) since ac-
cording to Kozlov et al. [41,42] the stability constant (Kst) for
Fig. 5. The oxygen-evolving activity of untreated (1) and hydrazine-treated (2, 3)
thylakoid membranes after 10-min incubation in the CO2/HCO3
−-depleted medium
in the absence (gray columns) and presence of 2 mM NaHCO3 (white columns).
The thylakoidmembranes (0.9mgChl/mL)were pre-incubated for 10min at 20 °C
in the medium A containing 10 mM NH2NH2, and then were washed from
hydrazine by centrifugation and resuspended in the medium A depleted of CO2/
HCO3
− to Chl concentration of 10 μg/mL. (3)–NH2NH2-treated thylakoid
membranes were pre-illuminated by 20 saturated flashes. The measurements
were carried out at [Chl]=10 μg/mL in the presence of 0.1 mMDCBQ and 1 mM
ferricyanide as exogenous electron acceptors and 10 μM gramicidin as uncoupler.
The activity of the control sample was 158 μmol O2 (mg Chl)
−1 h−1 and this value
was taken as 100%.
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−)3 is equal to 1.7×10
14. On the other hand,
upon the shift to super-reduced S-states (using hydrazine
reduction of both MnIII and MnIV to MnII) the dependence of
the O2-evolving activity on the presence of bicarbonate in the
medium becomes much higher since the Kst for complexes of
MnII with bicarbonate is nearly 12 orders lower than that for
MnIII–bicarbonate complexes ([41,42] and references therein)
and, therefore, bicarbonate is easily removed from theWOC. The
return to the normal S-states (whenMnII is converted toMnIII and
MnIV) results in a much lower dependence of the O2-evolving
activity on the presence of bicarbonate in the medium. The
dependence of bicarbonate binding to Mn on the Mn valency is
evidently responsible for a much better effect of bicarbonate on
the donor side of PSII when MnII is used as an electron donor to
PSII depleted ofMn (compared to the effect of bicarbonate on the
functionally competent WOC when Mn is mainly in the valency
MnIII and MnIV) reported earlier [34–40].
Direct ligation of bicarbonate to the inorganic core of theWOC
has been suggested earlier [58] on the basis of the results of
investigation of bicarbonate effects on the difference light-
induced Fourier-transform infrared difference absorption spec-
trum originating from the donor side of O2-evolving PS II in
submembrane PSII preparations. In spite of a contribution of
absorbance bands of water to the spectrum, characteristic bands at
1589 cm−1 and 1365 cm−1 clearly responding to replacement of
12C–bicarbonate by 13C–bicarbonate and assigned to COO−
stretching modes of bicarbonate were revealed in the difference
spectra. Yruela et al. [58] suggested that bicarbonate (rather than a
carboxylic group of amino acid residues ligating the inorganic
core of theWOC [59]) is a bridging ligand between aMn-ion and
Ca2+ within the WOC. Later, a similar suggestion that a bicar-bonate (or carbonate) anion is located between Ca2+ and Mn has
been made from the X-ray analysis of the WOC structure [32]
(though the resolution of 3.5 Å is evidently not high enough to
insist on this conclusion). On the other hand, bicarbonate as a
ligand toMn is not seen in a recent structure of theWOC obtained
with the resolution of 3.0 Å [60] (that probably could be related to
the loss of bicarbonate from theWOCdue to reduction ofMn ions
to MnII caused by X-ray irradiation as well as by the treatments
required during the X-ray measurements).
Acknowledgments
The authors would like to thank Dr. S. Zharmukhamedov for
technical assistance in the beginning of the work, Dr. G. Ananyev
for helpful advices in using the set-up for measurements of FIOPs
and Dr. J. Messinger for help in using of Excel spreadsheet
program of extended Kok model, and for helpful discussion of
this work. This work was supported by grants from the Russian
Foundation of Basic Research, MCB RAS and HFSP.References
[1] T. Wydrzynski, K. Satoh (Eds.), Photosystem II: the Light-Driven Water:
Plastoquinone Oxidoreductase, Springer, The Netherlands, 2005.
[2] R.J. Debus, The manganese and calcium ions of photosynthetic oxygen
evolution, Biochim. Biophys. Acta 1102 (1992) 269–352.
[3] V.K. Yachandra, K. Sauer, M.P. Klein, Manganese cluster in photosynthesis:
where plants oxidize water to dioxygen? Chem. Rev. 96 (1996) 2927–2950.
[4] G. Renger, Photosynthetic water oxidation to molecular oxygen: apparatus
and mechanism, Biochim. Biophys. Acta 1503 (2001) 210–228.
[5] P. Joliot, G. Barbieri, R. Chabaud, Un nouveau modele des centres photo-
chimiques du systeme II, Photochem. Photobiol. 10 (1969) 309–329.
[6] B. Kok, B. Forbush, M. McGloin, Cooperation of charges in photosyn-
thetic O2 evolution — I. A linear four step mechanism, Photochem.
Photobiol. 11 (1970) 457–475.
[7] P. Joliot, B. Kok, Oxygen evolution in photosynthesis, in: Govindjee
(Ed.), Bioenergetics of Photosynthesis, Academic Press, New York, 1975,
pp. 388–413.
[8] W.F.J. Vermaas, G. Renger, G. Dohnt, The reduction of the oxygen-
evolving system in chloroplasts by thylakoid components, Biochim.
Biophys. Acta 764 (1984) 194–202.
[9] M. Zheng, G.C. Dismukes, Orbital configuration of the valence electrons,
ligand field symmetry, and manganese oxidation states of the photosyn-
thetic water oxidizing complex: analysis of the S(2) state multiline EPR
signals, Inorg. Chem. 35 (1996) 3307–3319.
[10] V.K. Yachandra, V.J. DeRose, M.J. Latimer, I. Mukerji, K. Sauer, M.P.
Klein, Where plants make oxygen: a structural model for the photosyn-
thetic oxygen-evolving manganese cluster, Science 260 (1993) 675–679.
[11] J. Limburg, J.S. Vrettos, H. Chen, J.C. de Paula, R.H. Crabtree, G.W.
Brudvig, Characterization of the O(2)-evolving reaction catalyzed by
[(terpy)(H2O)Mn(III)(O)2Mn(IV)(OH2)(terpy)](NO3)3 (terpy=2,2′:6,2ʺ-
terpyridine), J. Am. Chem. Soc. 123 (2001) 423–430.
[12] B. Bouges, Effect of small hydroxylamine concentrations on the oxygen
evolution by Chlorella and spinach chloroplasts, Biochim. Biophys. Acta
234 (1971) 103–112.
[13] B. Velthuys, B. Kok, Photosynthetic oxygen evolution from hydrogen
peroxide, Biochim. Biophys. Acta 502 (1978) 211–221.
[14] J. Mano, M. Takahashi, K. Asada, Oxygen evolution from hydrogen
peroxide in photosystem II: flash-induced catalytic activity of water-
oxidizing photosystem II membranes, Biochemistry 26 (1987) 2495–2501.
[15] M. Sivaraja, D. Hunziker, G.C. Dismukes, The reaction of the substrate
analog H2S with the photosynthetic water oxidizing complex in spinach,
Biochim. Biophys. Acta 936 (1988) 228–235.
260 D.N. Shevela et al. / Biochimica et Biophysica Acta 1757 (2006) 253–261[16] N. Joannidis, J. Sarrou, G. Schansker, V. Petrouleas, NO reversibly reduces
the water-oxidizing complex of photosystem II through S0 and S−1 to the
characterized by the Mn(II)–Mn(III) multiline EPR signal, Biochemistry
37 (1998) 16445–16451.
[17] J. Sarrou, S. Isgandarova, J. Kern, A. Zouni, G. Renger, W. Lubitz, J.
Messinger, Nitric oxide-induced formation of the S−2 state in the oxygen-
evolving complex of photosystem II from Synechococcus elongatus,
Biochemistry 42 (2003) 1016–1023.
[18] J. Messinger, G. Seaton, T. Wydrzynski, U. Wacker, G. Renger, S−3 state of
the water oxidase in photosystem II, Biochemistry 36 (1997) 6862–6873.
[19] J. Messinger, J. Robblee, U. Bergmann, C. Fernandez, P. Glatzel, S.
Isgandarova, B. Hanssum, G. Renger, S. Cramer, K. Sauer, V. Yachandra,
Manganese oxidation states in photosystem II, 12th International Congress
on Photosynthesis, CSIRO, Collingwood, Australia, 2001, p. S10–019.
[20] G.M. Cheniae, I.F. Martin, Effects of hydroxylamine on photosystem II. I.
Factors affecting the decay of O2 evolution, Plant Physiol. 47 (1971)
568–575.
[21] G.M. Cheniae, I.F. Martin, Photoactivation of the manganese catalyst of
O2 evolution: 1. Biochemical and kinetic aspects, Biochim. Biophys. Acta
253 (1971) 167–181.
[22] W.F. Beck, G.W. Brudvig, Reactions of hydroxylamine with the electron-
donor side of photosystem II, Biochemistry 26 (1987) 8285–8295.
[23] A. Quigg, J. Beardall, T.Wydrzynski, Photoacclimation involves modulation
of the photosynthetic oxygen-evolving reactions inDunaliella tertiolecta and
Phaeodactylum tricornutum, Func. Plant Biol. 30 (2003) 301–308.
[24] M. Higuchi, T. Noguchi, K. Sonoike, Over-reduced states of theMn-cluster
in cucumber leaves induced by dark-chilling treatment, Biochim. Biophys.
Acta 1604 (2003) 151–158.
[25] G.M. Ananyev, L. Zaltsman, C. Vasko, G.C. Dismukes, The inorganic bio-
chemistry of photosynthetic oxygen evolution/water oxidation, Biochim.
Biophys. Acta 1503 (2001) 52–68.
[26] J.J.S. van Rensen, C. Xu, Govindjee, Role of bicarbonate in photosystem
II, the water-plastoquinone oxido-reductase of plant photosynthesis, Phy-
siol. Plant. 105 (2002) 585–592.
[27] J.J.S. van Rensen, Role of bicarbonate at the acceptor side of photosystem
II, Photosynth. Res. 73 (1999) 185–192.
[28] J.J.S. vanRensen, V.V. Klimov, Bicarbonate interaction, in: T. Wydrzynski,
K. Satoh (Eds.), Photosystem II: the Light-Driven Water: Plastoquinone
Oxidoreductase, Springer, The Netherlands, 2005, pp. 329–345.
[29] A. Stemler, Govindjee, Bicarbonate ion as a critical factor in photosyn-
thetic oxygen evolution, Plant Physiol. 52 (1973) 119–123.
[30] A. Stemler, G.T. Babcock, Govindjee, The effect of bicarbonate on photo-
synthetic oxygen evolution in flashing light in chloroplast fragments, Proc.
Natl. Acad. Sci. U. S. A. 71 (1974) 4679–4683.
[31] T. Wydrzynski, Govindjee, A new site of bicarbonate effect in photosystem
II of photosynthesis; evidence from chlorophyll fluorescence transients in
spinach chloroplasts, Biochim. Biophys. Acta 387 (1975) 403–408.
[32] K.N. Ferreira, T.M. Ivenson, K. Maghlaoui, J. Barber, S. Iwata, Archi-
tecture of the photosynthetic oxygen-evolving center, Science 303 (2004)
1831–1838.
[33] A.J. Stemler, The bicarbonate effect, oxygen evolution, and the shadow of
Otto Warburg, Photosynth. Res. 73 (2002) 177–183.
[34] V.V. Klimov, S.I. Allakhverdiev, Y.M. Feyziev, S.V. Baranov, Bicarbonate
requirement for the donor side of photosystem II, FEBS Lett. 363 (1995)
251–255.
[35] V.V. Klimov, S.I. Allakhverdiev, S.V. Baranov, Y.M. Feyziev, Effects of
bicarbonate and formate on the donor side of photosystem II, Photosynth.
Res. 46 (1995) 219–225.
[36] V.V. Klimov, R.J. Hulsebosch, S.I. Allakhverdiev, H. Wincencjusz, H.J.
van Gorkom, A.J. Hoff, Bicarbonate may be required for ligation of
manganese in the oxygen evolving complex of photosystem II, Bio-
chemistry 36 (1997) 16277–16281.
[37] S.I. Allakhverdiev, I. Yruela, R. Picorel, V.V. Klimov, Bicarbonate is an
essential constituent of the water-oxidizing complex of photosystem II,
Proc. Natl. Acad. Sci. U. S. A. 94 (1997) 5050–5054.
[38] S.V. Baranov, G.M. Ananyev, V.V. Klimov, G.C. Dismukes, Bicarbonate
accelerates assembly of the inorganic core of the water oxidizing complex
in Mn-depleted photosystem II: a proposed biogeochemical role foratmospheric carbon dioxide in oxygenic photosynthesis, Biochemistry 39
(2000) 6060–6065.
[39] S.V. Baranov, A.M. Tyryshkin, D. Katz, G.C. Dismukes, G.M. Ananyev,
V.V. Klimov, Bicarbonate is a native cofactor for assembly of the man-
ganese cluster of the photosynthetic water oxidizing complex. Kinetics of
reconstitution of O2 evolution by photoactivation, Biochemistry 43 (2004)
2070–2079.
[40] V.V. Klimov, S.V. Baranov, Bicarbonate requirement for the water-
oxidizing complex of photosystem II, Biochim. Biophys. Acta 1503
(2001) 187–196.
[41] Y.N. Kozlov, A.A. Kazakova, V.V. Klimov, Changes in the redox potential
and catalase activity of Mn2+ ions during formation of Mn–bicarbonate
complexes, Membr. Cell Biol. 11 (1997) 115–120.
[42] Y.N. Kozlov, S.K. Zharmukhamedov, K.G. Tikhonov, J. Dasgupta, A.A.
Kazakova, G.C. Dismukes, V.V. Klimov, Oxidation potentials and electron
donation to photosystem II of manganese complexes containing
bicarbonate and carboxylate ligands, Phys. Chem. Chem. Phys. 6 (2004)
9405–9411.
[43] G.C. Dismukes, V.V. Klimov, S.V. Baranov, Y.N. Kozlov, J. Dasgupta, A.
Tyryshkin, The origin of atmospheric oxygen on Earth: the innovation of
oxygenic photosynthesis, Proc. Natl. Acad. Sci. U. S. A. 98 (2001)
2170–2175.
[44] A.J. Stemler, J. Lavergne, Evidence that formate destabilizes the S1 state of
the oxygen-evolving mechanism in Photosystem II, Photosynth. Res. 51
(1997) 83–92.
[45] P. Jursinic, A. Stemler, A seconds range component of the reoxidation of
the primary photosystem II acceptor, Q: effects of bicarbonate depletion in
chloroplasts, Biochim. Biophys. Acta 681 (1982) 419–428.
[46] H.H. Robinson, R.R. Sharp, C.F. Yocum, Effect of manganese on the
nuclear magnetic relaxivity of water protons in chloroplast suspensions,
Biochem. Biophys. Res. Commun. 93 (1980) 755–761.
[47] G. Ananyev, T. Wydrzynski, G. Renger, V. Klimov, Transient peroxide
formation by the manganese-containing, redox-active donor side of
photosystem II upon inhibition of O2 evolution with lauroylcholine
chloride, Biochim. Biophys. Acta 1100 (1992) 303–311.
[48] G.M. Ananyev, G.C. Dismukes, Assembly of the tetra-Mn site of
photosynthetic water oxidation by photoactivation: Mn stoichiome-
try and detection of a new intermediate, Biochemistry 35 (1996)
4102–4109.
[49] G.M. Ananyev, M.A. Shafiev, V.V. Klimov, Flash-induced photoactivation
of oxygen evolution by PS 2 particles deficient in water soluble proteins,
Biofizika 4 (1988) 594–599.
[50] J. Messinger, U. Wacker, G. Renger, Unusual low reactivity of the water
oxidase in the redox state S3 toward exogenous reductants. Analysis of
the NH2OH and NH2NH2 induced modifications of flash induced oxy-
gen evolution in isolated spinach thylakoids, Biochemistry 30 (1991)
7852–7862.
[51] H.K. Lichtenthaler, Chlorophylls and carotenoids: pigments of photosyn-
thetic biomembranes, Methods Enzymol. 148 (1987) 350–382.
[52] P. Jursinic, Investigation of double turnovers in photosystem II charge
separation and oxygen evolution with excitation flashes of different
duration, Biochim. Biophys. Acta 635 (1981) 38–52.
[53] J. Zimmermann, A.W. Rutherford, Electron paramagnetic resonance pro-
perties of the S2 state of the oxygen-evolving complex of photosystem II,
Biochemistry 25 (1986) 4609–4615.
[54] J. Messinger, G. Renger, Generation, oxidation by the oxidized form of the
tyrosine of polypeptide D2, and possible electronic configuration of the
redox states S0, S−1 and S−2 of the water oxidase in isolated spinach
thylakoids, Biochemistry 32 (1993) 9379–9386.
[55] V.V. Klimov, S.V. Baranov, S.I. Allakhverdiev, Bicarbonate protects the
donor side of photosystem II against photoinhibition and thermoinactiva-
tion, FEBS Lett. 418 (1997) 243–246.
[56] V.V. Klimov, S.I. Allakhverdiev, Y. Nishiyama, A.A. Khorobrykh, N.
Murata, Stabilization of the oxygen-evolving complex of photosystem II
by bicarbonate and glycinebetaine in thylakoid and subthylakoid
preparations, Funct. Plant Biol. 30 (2003) 797–803.
[57] J. Messinger, J. Nugent, M. Evans, Detection of an EPR multiline signal
for the S0 state in photosystem II, Biochemistry 36 (1997) 11055–11060.
261D.N. Shevela et al. / Biochimica et Biophysica Acta 1757 (2006) 253–261[58] I. Yruela, S.I. Allakhverdiev, J.V. Ibarra, V.V. Klimov, Bicarbonate binding
to the water-oxidizing complex in the photosystem II. A Fourier transform
infrared spectroscopy study, FEBS Lett. 425 (1998) 396–400.
[59] T. Noguchi, T. Ono, Y. Inoue, Direct detection of a carboxylate bridge
between Mn and Ca2+ in the photosynthetic oxygen-evolving center bymeans of Fourier transform infrared spectroscopy, Biochim. Biophys. Acta
1228 (1995) 189–200.
[60] B. Loll, J. Kern, W. Saenger, A. Zouni, J. Biesiadka, Towards complete
cofactor arrangement in the 3.0 °Å resolution structure of photosystem II,
Nature 438 (2005) 1040–1044.
